. In developing TEFs, one of the most responsive parameters is induction of the CYPIAI gene, most often determined by measuring ethoxyresorufin-O-deethylase (EROD) or aryl hydrocarbon hydroxylase (AHH) activity in cultured cells or hepatic microsomes (3) . TCDD TEFs were never intended to reflect other toxic actions (13) , but their use frequently excluded consideration of other actions (2) . However, most components of environmental PCB residues are nonplanar and do not act as Ah receptor agonists. These chlorobiphenyls (CBs) do not cause TCDD-like effects. For example, the less chlorinated and ortho-chlorinated congeners have low affinities for the Ah receptor and are poor inducers of CYPlAI; but these congeners can induce CYP2B and have a profile of hormone and neurotransmitter disruption distinct from the coplanar Ah receptor agonists (1417).
In spite of their lower potencies, these congeners are present in far greater amounts than are coplanar CBs (1, 2, 18) . Therefore, it is important to evaluate both Ah receptor-dependent and Ah receptor-independent effects of environmental PCB mixtures to better predict the potential hazards of environmental PCB mixtures.
Chemical analysis of all possible compounds in a mixture is costly, time consuming, and usually incomplete. Therefore, short-term bioassays have been suggested to serve as alternative screening methods in assessing the toxicity of complex environmental mixtures (19, 20) . Currently, most of the short-term bioassays proposed for assessing the toxicity of chlorinated aromatic mixtures are in vitro assays and only detect Ah receptor-dependent biological effects, such as the induction of cytochrome P4501A in rat H-4-II-E hepatoma cell lines and in chicken embryo primary hepatocytes (19) (20) (21) . Indeed, these in vitro bioassays also show a good correlation with dioxininducible effects, i.e., in vivo cytochrome P4501A1 induction, body weight loss, and thymic atrophy in mammals (22, 23) and with embryolethality and deformities in bird embryos and chicks (24) . However, these bioassays cannot detect Ah receptorindependent effects and ignore possible toxicokinetic interactions in vivo.
We developed a short-term in vivo bioassay in this laboratory by using prepu-ing for possible early toxicokinetic interactions in the whole animal; 3) evaluation of the acute endocrine-disrupting effects (such as depression of thyroid hormone levels), which usually cannot be measured in an in vitro bioassay. The intention is to develop a bioassay, such as this female rat integrated endocrine disruption assay (FRIEDA), which can be used as a rapid screening method for potential biological effects of mixtures before deciding whether more intensive and long-term studies are needed. Therefore, similar but distinct environmental mixtures were sought to further test the FRIEDA.
Air, subsurface soil, and superficial dust and debris from the small but highly contaminated Sangamo landfill in southern Illinois (27) were sampled to determine potential toxicities of environmental mixtures. The chemical composition of these extracts has been determined, and the chemical profiles of these extracts have been described elsewhere (28, 29) . In a preliminary study (29) , the extract of this landfill soil caused both Ah receptordependent and Ah receptor-independent responses in prepubertal female rats. Therefore, the present study used the short-term bioassay mentioned above, with slight modifications, to examine enzyme induction, thyroid hormone depletion, and uterotropic effects of the Sangamo landfill soil, dust, and air extracts in an attempt to define the net potency of these environmental extracts with different PCB/PCDF/ PCDD profiles.
Materials and Methods
Sample collection. The Sangamo landfill has been inactive since 1964, and access was limited when it was placed on the National Priorities List in 1984 (27) (28) . In brief, for air samples, XAD-2 resins were Soxhlet extracted with 300 ml of acetone:hexane (1:1, v:v) for 24 hr and then with 300 ml of dichloromethane for another 24 hr. The individual extracts of each sample were concentrated by rotary evaporation and then combined and solvent was exchanged to hexane (30) . Each I00-g soil or dust sample was extracted with 200 ml of acetone:hexane (A:H, 1:1). The pooled extracts were dried over sodium sulfate and vacuum-concentrated at 57°C and were exchanged to hexane. Soil and dust extracts were cleaned of oil by Florisil slurry, and all extracts were subsequently cleaned by alumina (3% deactivated) column chromatography. The refined extracts were subdivided and separate aliquots were transferred to other laboratories for chemical analysis.
Specific PCB congener analyses were conducted by two independent laboratories. At the New York State Department of Health Wadsworth Laboratories (NYSDH), the aliquots were analyzed by gas-liquid chromatography (GLC) with an electron capture detector (ECD) (31) . At the Illinois Hazardous Waste Research and Information Center, Hazardous Materials Laboratory, the samples were diluted and analyzed directly by GLC, but the effluent was split between the ECD and an ion trap MS. The average PCB concentrations from three methods were 43, 21, and 4 mg/ml for soil, dust, and air extracts, respectively, and the variation was only 20%. However, the compositions in Tables 1 and 2 were based on the GLC-MS results that could identify individual PCB congeners not resolved by GLC-ECD. In addition, PCDFs and PCDDs in these three extracts were analyzed by capillary GLC/low-resolution MS at the NYSDH (28) . The concentrations of PCDDs were 47.3 pg/ml in the soil extract and 11.4 pg/ml in the dust extract, whereas PCDDs were not detected in the air extract. The concentrations of PCDFs were 761.5 pg/ml in the soil extract, 250.3 pg/ml in the dust extract, and 74.1 pg/ml in the air extract. The TCDD toxic equivalence (TEQ) for TCDD-like actions of the extracts were calculated using TCDD TEFs suggested by Ahlborg et al. (13) therefore, a conservative TEQ estimation was adopted by using the possibly maximal CB 126 concentration (1 pg/ml) in the air extract for the TEQ estimation.
Even though the PCDF content was high relative to most environmental mixtures (28) , total PCB still accounts for more than 98.3-99.5% of the chlorinated aromatics in Animals and dosing. Appropriate dilutions of the extracts were semiquantitatively analyzed by GLC-ECD to permit initiation of toxicity studies before the completion of chemical analysis. Table 3 shows the actual doses of each extract used in this study. Although the intent was to formulate the doses of the three landfill extracts at similar PCB concentrations, the actual doses for each extract deviated from target concentrations because of the variation between initial estimation and the final chemical analysis. In addition, the amount of air extract available was limited.
Sprague-Dawley breeder rats were obtained from Harlan (Indianapolis, Indiana). Pups were culled to 8-10 animals per litter on the day of birth (day 0) and were weaned at 21 days of age. Female pups were injected intraperitoneally with landfill extracts dissolved in 0.1 ml corn oil or corn oil alone between 1300 and 1400 hr on day 21 and day 22. A negative control was included for each litter, along with as many representative dose groups as the number of females would permit. Positive controls were included intermittently and agreed with historical uterotropic responses to 171-estradiol (15, 17, 25, 26) (Table 4) . PCB-induced mitogenic activity in the uterus had been confirmed to accompany the weight increase in a previous study (25) , and increased uterine protein content was also confirmed (17) .
Necropsy and tissueprocessing. Rats were decapitated between 0900 and 1100 hr on day 23 and blood was collected immediately after decapitation and allowed to clot. The uterus was excised, trimmed of fat, cut at the cervical os, and weighed to the nearest 0.01 mg. The uterotropic effects were determined by comparing ratios of uterine wet weight in milligrams to body weight in grams to control animals. As soon as the uteri were removed, livers were perfused in situ with ice-cold 0.05 M Tris-0.15M KCI (pH 7.4), excised, blotted on tissue paper, and weighed followed by homogenization in 12 ml of the same Tris-KCl buffer. Liver microsomes were then prepared as described in Li et al. (15) . In addition, thymus and adrenal glands were removed and weighed.
Enzyme assays and thyroid hormone analysis. 7-Ethoxyresorufin (EROD) and 7- 
Results

Chemical Composition of Extracts
The only pesticide detected was p,p'-bis-4-chlorophenyl-13,1 dichloroethene (DDE) at less than 100 pg/ml control soil, 130 pg/ml landfill soil, 170 pg/ml landfill dust, and 10 pg/ml landfill air extracts.
The soil extract contained 46,888 pg/mI total PCBs, 761.6 pg/ml total PCDFs, and 47 .2 pg/rnl PCDDs. The major PCB isomers present in this extract were tri-CBs (37%) and tetra-CBs (42%) (Fig. 1) . The dominant congeners were CB 28 (2,4,4'-trichlorobiphenyl), CB 41 (2,2',3,4-tetrachlorobiphenyl), CB 16 (2,2',3-trichlorobiphenyl), CB 22 (2,3,4'-trichlorobiphenyl), CB 52 (2,2',5,5'-tetrachlorobiphenyl), and CB 18 (2,2',5-trichlorobiphenyl). These six congeners accounted for about 45% of the total PCBs in the soil extract. Both CB 77 (3,3',4,4'-tetrachlorobiphenyl) and CB 126 were present in the soil extract at 212 p"g/m (0.45%) and 12 pg/ml (0.03%), respectively (Table 2) , but no 2,3,7,8-TCDD was detected. The major PCDDs in the soil extract were hexa-, hepta-, and octa-CDDs (Fig. 1) and 47% of the penta-to octa-CDDs contained the 2,3,7,8 substitution pattern (28) .
The major PCDFs included tetra-CDFs (49%) and penta-CDFs (26%) (Fig. 1) PCB homologues tion was 0.62 pig TCDD/mg PCBs in the soil extract (Table 1) . The control soil extract contained 0.29 pg/ml total PCBs, 0.96 pg/ml octa-CDF, and no detectable PCDDs (28) . Traces of polynuclear aromatic hydrocarbons were detected but were not present at concentrations adequate to induce EROD activity.
The PCB concentration of the dust extract was 20,660 pg/ml. The PCDF concentration of the dust extract was 250.4 pg/ml, and the PCDD concentration was 11.5 pg/ml ( Table 1) . The major PCB isomers present were tetra-CBs (39%) and penta-CBs (26%) (Fig. 1) ; the dominant congeners were CB 28, CB 41, CB 70 (2,3 ',4 ',5-tetrachlorobiphenyl), CB 110 (2,3,3',4',6-pentachlorobiphenyl), and CB 66 (2,3',4,4'-tetrachlorobiphenyl). These five congeners accounted for 31% of the total PCBs in the dust extract. Again, the two coplanar CBs detected in this extract were 110 pg/ml CB 77 (0.53%) and 13 pg/ml CB 126 (0.06%) ( Table 2 ). The major PCDDs present in the dust extract were hexa-, hepta-, and octa-PCDDs (Fig.  1) ; no 2,3,7,8-TCDD was detected but, as with soil, 47% contained the 2,3,7,8-substitution pattern (28) . The major components of PCDFs included tetra-CDFs (51%) and penta-CDFs (28%) (Fig. 1) (28) . The relative TCDD TEQ concentration was 0.51 pg/mg PCBs in the dust extract ( Table 1) .
The PCB concentration of the air extract (airborne trapped by XAD-2 resin after filtering particulates) was 4606 pg/ml and the PCDF concentration was 23.1 pg/ml (Table 1) . The major PCB isomers present in the air extract were tri-CBs (45%) and tetra-CBs (39%) (Fig. 1) . The dominant congeners were CB 28, CB 16, CB 52, CB 18, and CB 22. These five congeners accounted for about 47% of the total PCBs in this extract. Two of three coplanar CBs were detected in trace amounts in the air extract, including 10.5 pg/ml CB 77 (0.23%) and 1 pg/ml of CB 126 (0.02%) ( Table 2) . No PCDDs were detected in this extract ( Table 1) . The major PCDF components present in the air extract were tetraCDFs (96%) (Fig. 1) (Table 4) . Soil extracts also caused significant relative liver weight increases in a dose-dependent manner (Table 5 ). In addition, there was a decrease in body weight gain at the highest dose, 346 mg PCB/kg (Table 3) . Due to the decrease of body weight in the highest dose group, the uterotropic response was also examined by absolute uterine wet weight. The absolute uterine weight in the 346 mg PCB/kg was also significantly higher than controls.
For dust extracts, there were no significant differences in body weight gains ( Table   Table 5 Volume 104, Number 7, July 1996 * Environmental Health Perspectives3), thymus weights, or adrenal gland weights (Table 5) . Although absolute wet uterine weights were significantly higher than controls, differences in relative weights were variable and not statistically significant (Table 4) . Relative liver weights increased in a dose-dependent manner to 159% controls in the highest dose group (Table 5) . For air extracts, there were no differences in body weight gain during the 2-day treatment (Table 3) . Mild but significant increases in relative uterine wet weights were observed at the lower doses (21-22%) and at the highest doses (28-38%) ( Table 4) . Relative liver weights increased significantly in a dose-dependent manner to 142% of controls at 175 mg PCB/kg (Table 5 ). On the other hand, there were no marked changes in relative thymus weights or adrenal gland weights at any dose (Table 5) . Decreases in serum T4 were plotted against both TCDD TEQs ( Fig. 2A) and total PCB (Fig. 2B) . The relative potency of the air extract was similar to soil and dust based on total, but greater than soil and dust when based on TCDD TEQs (Fig. 2) .
At 2 mg PCB/kg, serum total T4 was not affected by soil extracts. The serum total T4 started to dedine significantly from 62% of control values at 32 mg PCB/kg to less than 15% of control values at 346 mg PCB/kg (r = 0.989, p<0.001; Fig. 2 ).
Serum total T4 decreased from 94% of control at 10 mg PCB/kg to 15% of control levels at 382 mg PCB/kg from dust extracts (r = 0.985, p<0.001; Fig. 2 precipitously in a dose-dependent manner to less than 25% of control values at the highest dose (175 mg PCB/kg; r = 0.892, p<O.OOl; Fig. 2 ). There were no significant differences among the slopes of the three extracts by ANOVA.
Microsomal Enzyme Activities
The total hepatic P450 enzyme activities versus PCB concentrations were calculated (Table 6) , and the specific enzyme activities versus TEQ and PCB concentrations for EROD and PROD are shown in Figures 3  and 4 , respectively. Sangamo landfill soil extracts induced all three P450 activities in a dose-dependent manner (Table 6 ). Specific EROD was increased 4-fold at 2 mg PCB/kg and 173-fold at 346 mg PCB/kg (Fig. 3) , whereas total EROD was induced 5-fold at 2 mg PCB/kg and 397-fold at 346 mg PCB/kg (Table 6 ). Both PROD and BROD were significantly increased from 10 mg PCB/kg to 346 mg PCB/kg, but not at the lowest dose (2 mg PCB/kg) ( Table 6) . At 346 mg PCB/kg, total PROD and BROD were increased 17-fold and 48-fold, respectively ( Table 6 ). The total UDPGT activity versus PCB concentration was calculated for Table 7 . Total 4-nitrophenol UDPGT activities were significantly induced from 10 mg PCB/kg to 346 mg PCB/kg. Specific phenolphthalein UDPGT was slightly increased in all soil extractdosed groups, whereas total phenolphthalein UDPGT was significantly induced from 10 mg PCB/kg to 346 mg PCB/kg due to increased liver weights in these dose groups ( Table 7) . The control site soil extract from the non-PCB-containing landfill was only tested at a single dose with the landfill soils. It did not induce P450 enzyme activities (Table 6 ) or UDPGT activities (Table 7) compared to the landfill soil controls.
For dust extracts, all three P450 enzyme activities were induced in a dose-dependent manner (Table 6 ). Total EROD activity was increased about 86-fold at 13 mg PCB/kg and 284-fold at 382 mg PCB/kg (Table 6) . Total PROD was increased about 5-fold at 13 mg PCB/kg and 14-fold at 382 mg PCB/kg, and total BROD was increased 6-fold at 13 mg PCB/kg and 34-fold at 382 mg PCB/kg ( Table 6 ). The dose response for specific EROD and PROD activities were similar to those for the soil extract (Figs. 3 and 4) . Total 4-nitrophenol UDPGT activities were significantly induced at 38, 78, and 382 mg PCB/kg ( PCB/kg because of increased liver weights at these doses (Table 7) . Like the other two extracts, all three P450 enzyme activities were induced by air extracts. Total EROD activity was significantly increased about 7-fold at 6 mg PCB/kg and continued to increase to 205-fold at 175 mg PCB/kg ( Table 6 ). Induction of EROD by the air extract was less than that by the soil and dust extracts at lower PCB concentrations; however, when normalized to TEQs for all three extracts, specific EROD activity was similar for all three extracts (Fig. 3) . Nevertheless, the pattern of dose response for EROD induction by the air extract appears to be markedly different from induction by the soil extract: at the higher doses, induction by air has an upward inflection, whereas that by soil is trending toward a plateau (Fig. 3) . Unfortunately, the amount of airborne extract available was inadequate to test the soil equivalent high concentration.
A similar pattern may exist for PROD induction by the air extract, but the low value for 84 mg PCB/kg, limited to n = 3 because of limited extract, distorts the relationship (Table 6 ; Fig. 4) . Total PROD was induced between doses of 12 mg PCB/kg and 175 mg PCB/kg, but not at the lowest dose (6 mg PCB/kg; Table 6 ) and, as expected, the correlation was better when compared to total PCB than when compared to TEQs (Fig. 4) .
BROD was induced in a dose-dependent manner by the air extract from 6 mg PCB/kg to 175 mg PCB/kg and to a greater extent than by the other two extracts (Table  6 ). Total 4-nitrophenol UDPGT activities were significantly induced at 12, 38, 84, and 175 mg PCB/kg. Like the other two extracts, specific phenophthalein UDPGT activities were not significantly induced at any dose, but total phenophthalein UDPGT was significantly increased at 38 and 84 mg PCB/kg (Table 7) .
Discussion
Acute Endocrine Effects The estrogenicity of polychlorinated aromatic hydrocarbons is not mediated via the Ah receptor and therefore is not a TCDDlike effect. Estrogenicity, as measured by the uterotropic response, is characteristic of some lower chlorinated CBs such as CB 18 (26) and of some nonplanar ortho-substituted CBs such as CB 47 (17), CB 52 (25) , and CB 153 (15) . Coplanar, dioxinlike compounds tend to be antiestrogenic (37, 38) and can decrease the response to estrogens (25) . Therefore, it is not surprising that the air extract with a low TEQ tended to be more effective in causing a uterotropic response in prepubertal female rats than the soil and dust extracts. More than 85% of the air extract was composed of lower-chlorinated CBs and ortho-substituted CBs and only limited amounts of TCDD-like compounds were present.
Even though the soil extract contained about 80% lower-chlorinated CBs, this extract also contained high levels of PCDFs as well as PCDDs compared to the other two extracts. The antiestrogenicity of polychlorinated aromatic hydrocarbons is associated with Ah receptor agonists (37, 38) . Therefore, the presence ofTCDD-like compounds in the soil extract could have antagonized the weak estrogenic effects of those lower-chlorinated PCBs. This may explain the lack of estrogenicity in the soil extract. Nevertheless, a significant uterotropic response was observed at the highest dose (345 mg PCB/kg) of the soil extract. This may indicate that the interaction between estrogenic CBs and antiestrogenic TCDDlike compounds would be dose dependent; however, it seems more likely that the explanation can be based on changing toxicokinetics due to enzyme induction. For example, TCDD-like compounds as well as PBtype CBs (PROD-inducing CBs) can induce both phase I and phase II enzyme activities. The increase of phase I enzyme activities may produce more estrogenic hydroxylated PCB metabolites (39) . On the other hand, the increase of phase II enzyme activities can enhance the elimination of these estrogenic hydroxylated PCB metabolites. Therefore, a balance between bioactivation and inactivation processes can influence the estrogenic activity and estrogenic/antiestrogenic. balance of a mixture. However, total phase II UDPGT induction was about equal to PROD inducVolume 104, Number 7, July 1996 * Environmental Health Perspectives tion, lower than BROD induction, and much less than the degree of induction of EROD activity. A more likely explanation can be based on the fact that coplanar CB 77 and some mono-ortho CBs are substrates for the highly-induced EROD, while ortho-nonplanar CBs are substrates for the less profoundly induced PROD (40) . At the higher doses of the soil extract, the disproportionate increase in EROD activity would be expected to reduce the effective in vivo levels of antiestrogenic non-ortho and mono-ortho coplanar compounds, permitting the expression of estrogenicity by noncoplanar compounds. In humans exposed to higher levels of PCBs (i.e., chloracne patients), the more responsive CYPIA induction results in lower residues of coplanar (CBs 37, 77, and 126) and mono-ortho (CBs 28, 70, 105, 118, and 156) congeners than in humans exposed to ambient PCBs (41) . In the same comparison, weakly estrogenic CBs 18, 47, 52, and 153 are found at higher levels in the chloracne patients, as would be expected. In summary, balance between bioactivation and inactivation and more rapid metabolism of coplanar antiestrogens may explain the significant uterotropic response at the highest dose (346 mg PCB/kg) of the soil extract. The possible mechanisms involved need to be further investigated in order to predict the possible estrogenicity and/or antiestrogenicity of environmental mixtures during chronic exposure.
Most PCBs appear to depress serum total T4 (42) (43) (44) . Both TCDD-like CBs and non-TCDD-like CBs can depress rat serum T4 (34, (44) (45) (46) . In fact, there are multiple mechanisms by which PCBs can affect thyroid hormone homeostasis, and (43, 47) . In addition, PCBs can indirectly influence thyroid function via either enhanced thyroid hormone metabolism by UDPGT induction and increased bile flow (48) (49) (50) or decreased plasma T4 levels through enhanced metabolism and excretion after displacement of T4 from its carrier protein by hydroxylated PCB metabolites (51, 52) . In this study, all three extracts effectively depressed serum T4 levels to similar extents in immature female rats, even though the PCB congener composition in these extracts were varied and there was a more than fivefold difference in their TEQ values based on pg TCDD/mg PCB. This indicates that both TCDD-like compounds (such as PCDFs and coplanar CBs) and ortho-substituted CBs (such as PROD-inducing CBs) can effectively depress serum T4. A recent model suggests that Ah receptor-mediated T4 depletion by TCDD is monodimensional, depending mainly on UDPGT induction (53 'a TCDD-like compounds in a mixture, such as the TEQ value of a mixture, is considered, the effect of a PCB mixture on thyroid hormone homeostasis may be underestimated (Fig. 2) .
Thymic atrophy, an Ah receptor-mediated response, was not observed for any of the three extracts in this study. Because of the significant P4501A1 induction, a sensitive Ah receptor-mediated response observed for all three extracts, the lack of thymic atrophy in this study was probably due to the relatively short exposure time (44 hr (3, 4) . All three extracts significantly induced EROD activities in prepubertal female rats in a dose-dependent manner. As shown in Figure 3 , there was a good doseresponse relationship for EROD-specific activity when concentrations of the three extracts were expressed as TEQ concentrations (r = 0.902, p<0.001), but the lower TEQ air extract was clearly less potent at lower concentrations when plotted against total PCB (Fig. 3) . In a previous study using the same bioassay conditions (55) Neither PROD nor BROD activities are induced by TCDD-like compounds in rats. The air extract was a more potent inducer of PROD and BROD activities than soil or dust extracts at the same TEQ dose level ( Fig. 4; Table 6 ). Even though the patterns of PROD and BROD induction were more similar for the three extracts when expressed as PCB concentrations, BROD activity was still more highly induced by the air extract (Table 6) . BROD activity can be regarded as a measurement of CYP2B and CYP3A induction (57, 58) , whereas PROD activity is more specific as a measurement of CYP2B induction. The prototype inducer for CYP3A1 is pregnenolone 16a-carbonitrile (59); however, nonplanar PCBs also induce CYP3A1, and the structure-activity relationships are different in vivo than in vitro (60) . CYP3A1 induction by synthetic glucocorticoids, phenobarbital, chlorinated pesticides, and PCBs is accompanied by changes in other drug-metabolizing enzymes and appears to be accompanied by posttranscriptional message stabilization (61 The TEQ value of a mixture may not accurately predict the Ah receptor-mediated responses. For example, the TEF approach overestimated some Ah receptormediated responses in the present study, especially EROD activity. If the risk assessment of an environmental mixture focuses only on the TCDD-like compounds in the mixture, the important endocrine-disrupting effects of a mixture could be underestimated. For example, total serum T4 was effectively depressed by the three extracts at similar PCB levels despite large differences (sixfold) among the relative TEQs of the three extracts when expressed as micrograms TCDD per milligram PCB in the present study. Therefore, the thyroid hormone depression by air extract would be underestimated based on its low TEQ compared to the other two extracts based on the TEF approach.
In summary, the different matrices from the same environmental source not only can vary widely in their congener compositions, but also differ significantly in their net biological effects. Furthermore, it is important to note that humans and wildlife are exposed to profiles of PCBs/PCDFs/ PCDDs not reflected by profiles in food or human tissues. Transient exposure to airborne PCBs, for example, would superimpose a higher proportion of lower-chlorinated and readily metabolized congeners onto existing residues; thus, effects due to these congeners and/or their metabolites might be manifest at a later developmental stage when evidence of exposure (i.e., residues of parent CB) would no longer be apparent.
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